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ScienceDirectThe gibberellin phytohormones regulate growth and
development throughout the plant lifecycle. Upstream
regulation and downstream responses to gibberellins vary
across cells and tissues, developmental stages, environmental
conditions, and plant species. The spatiotemporal distribution
of gibberellins is the result of an ensemble of biosynthetic,
catabolic and transport activities, each of which can be
targeted to influence gibberellin levels in space and time.
Understanding gibberellin distributions has recently benefited
from discovery of transport proteins capable of importing
gibberellins as well as novel methods for detecting gibberellins
with high spatiotemporal resolution. For example, a genetically-
encoded fluorescent biosensor for gibberellins was deployed in
Arabidopsis and revealed gibberellin gradients in rapidly
elongating tissues. Although cellular accumulations of
gibberellins are hypothesized to regulate cell growth in
developing embryos, germinating seeds, elongating stems and
roots, and developing floral organs, understanding the
quantitative relationship between cellular gibberellin levels and
cellular growth awaits further investigation. It is also unclear
how spatiotemporal gibberellin distributions result from myriad
endogenous and environmental factors directing an ensemble
of known gibberellin enzymatic and transport steps.
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Introduction
Plants use phytohormones — a suite of mobile small
molecules — as potent regulators that coordinate and
adjust development to suit environmental conditions.
The gibberellin phytohormones were discovered nearly
a century ago when delivery of a gibberellin was revealed
to be the mechanism by which a fungal plant pathogen,
Gibberella fujikuroi (now reclassified as Fusarium fujikuroi),www.sciencedirect.com tailors the growth of infected rice plants [1]. Plant bree-
ders have since tailored the growth of cereal crops for
dramatic yield increases through genetic manipulation of
gibberellins or DELLA proteins involved in gibberellin
signalling [2]. Farmers have even used direct application
of gibberellins or gibberellin inhibitors to tailor the
growth of crops, for example to increase the size of table
grapes [3]. The success of these human and microbial
strategies for regulating plant growth depends on the
ability of gibberellins to influence plant growth in a
variety of developmental contexts, and thus answering
the question of where and when endogenous gibberellins
influence plant development has been of great interest for
several decades. This review will focus on recent devel-
opments as the spatiotemporal distribution of gibberellins
has of late received significant attention.
Timely accumulation of gibberellins in specific tissues is
relevant for organ size and morphology as well as for key
developmental transitions. Gibberellin levels are low in
dry mature seeds, but after imbibition and exposure to
light [4], de novo gibberellin biosynthesis promotes ger-
mination, in part through stimulating cell division and
expansion in the radicle [5]. Accumulation of gibberellins
in the shoot apical meristem of short-day grown Arabi-
dopsis is required for the transition to flowering, but
gibberellin catabolism is subsequently required for nor-
mal development of the inflorescence [6]. Gibberellins
are also mobile across cells and organs, for example in
Pisum sativum, where growth of gibberellin mutant pea
plant scions was complemented after grafting to wild-type
root-stocks [7]. The spatiotemporal distribution of gib-
berellins influencing these and other aspects of plant
development is the result of an ensemble of distinct
and independently regulated enzymatic and transport
activities.
Gibberellin biosynthesis, catabolism and
transport
Gibberellin biosynthesis in plants proceeds in stages
defined by three cellular compartments: plastids, endo-
plasmic reticulum (ER) and cytoplasm [8] (Figure 1). The
first steps occur in the plastids where ent-copalyl diphos-
phate synthase and ent-kaur-16-ene synthase promote
the conversion of geranylgeranyl diphosphate to ent-kaur-
ene. In the ER, two membrane-associated cytochrome
P450 monooxygenases (CYP), ent-kaurene oxidase and
ent-kaurenoic acid oxidase, convert ent-kaurene to gibber-
ellin A12 (GA12) though ent-kaurene oxidase also associ-
ates with the outer envelope of plastids thereby bridgingCurrent Opinion in Plant Biology 2019, 47:9–15
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Gibberellin biochemistry in Arabidopsis. Model of subcellular localization of gibberellin biosynthetic and catabolic pathways as well as putative
intra/intercellular movements of gibberellins. Gibberellin accumulation and depletion steps are depicted with black and red arrows, respectively.
Biosynthetic steps occur in the three cellular compartments (plastids, endoplasmic reticulum (ER) and cytoplasm); the corresponding enzymes are
reported with the following nomenclature: ent-copalyl diphosphate synthase, CPS; ent-kaurene synthase, KS; ent-kaurene oxidase, KO; ent-
kaurenoic acid oxidase, KAO; gibberellin 20-oxidase, GA20ox; gibberellin 3-oxidase, GA3ox. Gibberellin deactivation enzymes convert either
precursors or bioactive gibberellins into inactive catabolites. Shown here are members of GA2ox and CYP714A families. Transporters belonging to
NPF and SWEET families import extracellular GA4. Potential mechanisms for GA4 export and GA12 transport remain poorly understood.plastid and ER steps of the pathway [9]. The last steps
occur in the cytoplasm where enzymes belonging to
GIBBERELLIN 20 OXIDASE (GA20ox), and GIB-
BERELLIN 3 OXIDASE (GA3ox) families promote
the final conversions into bioactive GA1 and GA4. For
individual family members of the five GA20ox and four
GA3ox enzymes in Arabidopsis, promoter–reporter
fusions driving b-glucuronidase (GUS) revealed highly
localized expression domains, while genetic studies
revealed overlapping functions [10–13]. For example,
AtGA3ox1 is expressed in stamen filaments and
AtGA3ox2-4 are expressed in anthers, but mutation of
AtGA3ox1 results in silique fertility defects only in com-
bination with mutation of AtGA3ox3 [10,11].
Gibberellin can be inactivated through at least three
distinct mechanisms as evidenced by biochemical and
genetic studies in Arabidopsis and rice [14–17]. Precur-
sors and bioactive gibberellins are substrates of GA
METHYL TRANSFERASE (GAMT), GIBBEREL-
LIN 2 OXIDASE (GA2ox) and CYP714A catabolic
enzymes and higher order mutants in the GA2ox andCurrent Opinion in Plant Biology 2019, 47:9–15 CYP714A classes display gibberellin overproduction
phenotypes. As for Arabidopsis gibberellin biosynthetic
genes, the eight AtGA2ox, two AtGAMT and two
AtCYP714A genes exhibit localized expression patterns
in various organs and developmental stages, potentially
serving to modulate gibberellin spatiotemporal distribu-
tions initiated by patterns of gibberellin biosynthesis
[14–16].
Gibberellin transport can also affect spatiotemporal dis-
tributions, because gibberellins are known to be mobile
over short and long distances in plants. Gibberellin move-
ments have been associated with inducing flowering in
Arabidopsis [18] and sex determination in Lygodium japo-
nicum ferns [19]. More recently, movements of gibber-
ellins have been also discovered in cucumber, where GA9
moves from ovaries to sepal and petal tissues where it is
converted to the bioactive GA4 [20]. In Arabidopsis, GA12
is the GA4 precursor associated with long-distance trans-
port; it has been suggested that GA12 moves from root to
shoot via the xylem and from photosynthetic source to
sink tissues via the phloem [21,22].www.sciencedirect.com
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berellins would depend on transmembrane transport
activities that are only beginning to be characterized.
As gibberellins are weak acids, an acid trap mechanism
could contribute to their import from the low pH apo-
plasm into higher pH cytoplasm without the need for
gibberellin transporters in the plasma membrane [23].
Nevertheless, in recent years several transporters belong-
ing to the NITRATE TRANSPORTER 1/PEPTIDE
TRANSPORTER FAMILY (NPF) proteins have been
identified as gibberellin importers [24–26]. Using a yeast
two-hybrid system expressing gibberellin receptors in
combination with NPFs, it was possible to identify NPFs
able to transport one or more gibberellins [24]. The
Arabidopsis genome contains 53 genes encoding NPF
proteins and most of those characterized were able to
transport multiple hormone substrates in yeast in addition
to any previously characterized nitrate or peptide trans-
port activities [24]. In another example of multi-substrate
transporters, the sugar transporters SWEET13 and
SWEET14 were found to import gibberellin into yeast
and oocyte cells and are involved in gibberellin mediated
plant growth including seed, seedling and anther devel-
opment [27]. Importantly, no specific gibberellin expor-
ters have been discovered [28], though the SWEETs
were initially characterized as mediating sugar import
and export [29].
Movements of gibberellins were also followed in high
spatiotemporal resolution by using fluorescently labelled
GA molecules, that is, GA3 and GA4 linked to fluorescein
(GA-Fl). Analyses of GA-FI showed highest accumula-
tion of GA-Fl specifically in the vacuole of elongating
endodermal cells of Arabidopsis roots, suggesting that
GA-Fl movements are tightly regulated by patterning of
gibberellin transporters [30]. Subsequently, mutations in
the NPF3.1 gene, a member of the NPF family, were
found to abolish GA3-Fl accumulation in the endodermal
cells of the elongation zone [31] and to result in devel-
opmental phenotypes under nitrate limitation [32], sug-
gesting the patterning of NPF3.1 can affect tissue and
condition specific GA distributions.
Measuring spatiotemporal distribution of
gibberellins
Patterns of gibberellin biosynthesis, catabolism and trans-
port integrate to determine gibberellin spatiotemporal
distributions that then influence patterns of cell division
and expansion underlying plant development (Figure 1).
Thus, measuring gibberellin distributions with high spa-
tiotemporal resolution is an important step towards
understanding the role of gibberellins in plant develop-
ment. Recent years have seen a variety of high-resolution
analytic techniques ranging from indirect approaches
such as tracking expression of gibberellin biosynthetic
enzymes [33] or signaling events downstream of gib-
berellin accumulation [34] to direct approaches such aswww.sciencedirect.com high-resolution mass spectrometry [35,36] or genetically
encoded fluorescent biosensors [37].
In Arabidopsis embryos, a cell-level analysis of promoter–
GUS fusions of gibberellin biosynthetic enzymes
revealed highly localized expression in the tip of the
radicle during early seed germination that corresponded
to the expression domains of transcriptional targets of
gibberellin signaling [33]. An approach based on syn-
thetic hormone activated Cas9-based repressors (HACRs)
revealed an endosperm specific gibberellin distribution
that corresponded with AtGA3ox4 expression in early seed
development [34]. In the gibberellin HACRs, a gibberel-
lin-targeted degron (i.e. the DELLA proteins REPRES-
SOR OF GA 1 (RGA1) or GIBBERELLIC ACID
INSENSITIVE (GAI)) were fused to a transcriptional
repressor protein such that gibberellin signaling would
increase the expression of a reporter gene such as GFP
[34]. Because the HACR approach is modular, it would be
straightforward to test additional GA targeted DELLA
proteins or indeed quantify other pathways dependent on
regulated protein degradation. It will be interesting to
determine how patterns of gibberellins reported by
HACRs compare with the patterns of DELLA–GFP
fusions that also indirectly report on gibberellins via a
gibberellin induced degradation mechanism [38]. For
example, pRGA:GFP-RGA reporters have long been
used to track dynamics of gibberellin signaling and
recently revealed a decrease in gibberellin signaling
(GFP-RGA increase) in the Arabidopsis root division
and elongation zones and an increase in gibberellin sig-
naling (GFP-RGA decrease) in the epidermis of the
differentiation zone under iron limitation [39]. In a more
direct approach, derivatization-based ultra-high-perfor-
mance liquid chromatography (UHPLC) coupled with
electrospray ionization-tandem mass spectrometry (ESI-
MS/MS) enables the detection of ultra-trace gibberellins
in small organs, such as Arabidopsis flowers [35,36].
Interestingly, this method detected higher levels of bio-
active GA4 in pistils as compared with other floral organs
over three stages of flower development [36].
Recently, GIBBERELLIN PERCEPTION SENSOR 1
(GPS1), the first Fo¨rster Resonance Energy Transfer
(FRET) biosensor for gibberellins, was developed for
high-resolution measurements of gibberellin distribu-
tions in vivo [37]. FRET biosensors are characterized
by a FRET pair (a donor fluorescent protein and an
acceptor fluorescent protein) linked to a sensory domain
containing fusion proteins that directly interact with a
ligand of interest. Upon ligand binding, the sensory
domain undergoes conformational changes that are trans-
mitted to the FRET pair resulting in a ligand dependent
change in energy transfer between the donor and the
acceptor. Once expressed in plants, such biosensors are
measured by exciting the donor and measuring the fluo-
rescence emission ratio of acceptor over donor, and thusCurrent Opinion in Plant Biology 2019, 47:9–15
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Gibberellin gradients compared with cellular growth rate in dark grown
hypocotyl and root tip. Analysis of nuclear localized GPS1 (nlsGPS1)
expressed in Arabidopsis at three days post sowing as described in
Ref. [37]. Comparison of regions of cellular elongation with nlsGPS1
emission ratios in (a) a dark grown hypocotyl and (b) a light grown
root. In both tissues, gibberellin levels correlate with cell elongation
rate. Scale bars (a) 70 mm (b) 30 mm.FRET biosensor analysis is ratiometric and largely inde-
pendent of the concentration of the biosensor itself
[40,41]. The GPS1 sensory domain consists of the Arabi-
dopsis gibberellin receptor AtGID1C linked via a 12-
amino acid flexible linker to a 74-amino acid truncation of
AtGAI and the GPS1 FRET pair consists of enhanced
dimerization variants of Aphrodite (a codon diversified
Venus) as FRET acceptor and Cerulean as FRET donor
[37]. GPS1 was found to report on increasing concen-
trations of gibberellins via an increase in fluorescence
emission ratio and exhibit a high affinity and slow revers-
ibility for GA4 (Kd approximately 20 nM).
Using GPS1 targeted to nuclei, it was possible to monitor
gibberellin levels in different Arabidopsis tissues includ-
ing roots, hypocotyls and floral organs with cellular reso-
lution [37]. In roots, a gradient of endogenous gibberel-
lin is formed, with high levels in the elongation zone
grading to low levels in the division zone (Figure 2). A
parallel result was found with exogenous gibberellin in
that treatment with gibberellin resulted in faster accu-
mulation in the elongation zone and slower accumulation
in the division zone. The patterning of exogenous gib-
berellins in roots suggests that a gibberellin gradient can
be generated by patterns of gibberellin catabolism and/or
transport independently of patterns of gibberellin biosyn-
thesis [37], a finding that is supported by the observa-
tion that root growth defects of gibberellin biosynthetic
mutants can be rescued with exogenous gibberellin [42].
Dark grown Arabidopsis hypocotyls also exhibited a gib-
berellin gradient with high levels in the basal hypocotyl
grading to low levels in the apical hypocotyl and cotyle-
dons (Figure 2). As GPS1 is genetically encoded and
binds gibberellin directly, it will be possible to investigate
gibberellin patterning in further Arabidopsis tissues ame-
nable to fluorescence imaging as well as in further con-
ditions and transformable plant species.
Spatiotemporal regulation of gibberellin and
cellular growth
Many environmental and endogenous signals integrate to
influence gibberellin enzymes and transport activities
directing spatiotemporal distribution of gibberellins,
which can then serve as a link between environmental
conditions and plant development. For example, the light
environment influences seed germination and hypocotyl
elongation through modulation of gibberellins [43–45].
Interestingly, many of the same signaling modules are
used to achieve light mediated stimulation of cell growth
in the radicle versus light mediated inhibition of cell
growth in hypocotyls (Figure 3). For example, PHYTO-
CHROME INTERACTING FACTOR (PIF) accumu-
lation in darkness negatively regulates gibberellin accu-
mulation in seeds [43,44] and positively regulates
gibberellin accumulation in hypocotyls [37]. The core
signaling pathways connecting gibberellin accumulation
to growth and germination are now well-characterized: inCurrent Opinion in Plant Biology 2019, 47:9–15 the presence of gibberellin in the cytoplasm and nucleus,
gibberellin receptors (GIDs) bind gibberellins and this
complex promotes the degradation of DELLA proteins
that inhibit the expression of gibberellin mediated genes
[47]. However, the quantitative relationship between
gibberellin distributions and cellular growth remains
unclear. In both roots and dark-grown hypocotyls, the
spatiotemporal distribution of gibberellins detected with
nlsGPS1 closely tracked the spatiotemporal distribution
of absolute cell growth [37], suggesting that local accu-
mulation of gibberellin is important for directing cell
growth. On the other hand, apparent gibberellin accumu-
lation in the early radicle tip during seed germination was
several cells removed from the domain of accelerated cell
growth [33]. Furthermore, in light grown hypocotyls
expressing nlsGPS1 there was no overall correlationwww.sciencedirect.com
Spatiotemporal gibberellins Rizza and Jones 13
Figure 3
(a)
(b)
Light
PIFs
Gibberellin
DELLA
Elongation
Dark
PIFs
Gibberellin
DELLA
Elongation
Gibberellins
low high
Gibberellins
low high
Gibberellins
low high
Gibberellins
low high
Current Opinion in Plant Biology
Model of environmental regulation of gibberellin distribution and cell growth in seeds and hypocotyls. (a) Contrasting regulation of gibberellins by
light in seeds (left) versus hypocotyls (right). In seeds, the absence of PIF1 protein allows for the accumulation of gibberellins and the inhibition of
DELLAs, thereby inducing radicle cell elongation and germination. Accumulation of gibberellins might not correlate with cell elongation [33]. In
hypocotyls, the absence of PIF proteins instead reduces gibberellin levels and promotes DELLA activity, thereby reducing hypocotyl cell
elongation. Accumulation of gibberellins again might not correlate with cell elongation [37]. (b) Contrasting regulation of gibberellins by darkness
in seeds (left) versus hypocotyls (right). In seeds, the presence of PIF1 protein reduces gibberellin levels and promotes DELLA activity, thereby
inhibiting germination [43,44]. In hypocotyls, the presence of PIF proteins allows for the accumulation of gibberellins and the inhibition of DELLAs,
thereby inducing hypocotyl cell elongation. Here, accumulation of gibberellins correlates with cell elongation [37].between nlsGPS1 emission ratios and cell length under
the conditions tested ([37], Figure 3).
Conclusions
Fundamentally, the functional consequences of gibber-
ellin spatiotemporal distributions can be considered as
the combined effect of gibberellin accumulation in cer-
tain cells and gibberellin depletion in others. The need
for gibberellins to accumulate is evident from numerous
studies of gibberellin deficiency dating back to Gregor
Mendel’s dwarf peas; the Le trait was caused by mutation
of a GA3ox gene [11,13,46,48,49]. More recently, the
relative importance of gibberellin signaling, that is,www.sciencedirect.com DELLA degradation, among specific root cell files was
demonstrated using cell-type specific expression of non-
degradable GAI [50,51]. The need for gibberellins to be
depleted from specific cells can be demonstrated by
examining the phenotypes of wild-type Arabidopsis
plants treated with exogenous gibberellins (e.g. [52]),
gibberellin catabolism mutants [14,16], and higher-order
mutants lacking all five DELLAs [53]. Surprisingly for a
growth regulatory hormone, each of these interventions
results in broadly normal plant growth and development,
perhaps indicating that gibberellin responses in Arabi-
dopsis might be largely saturated under optimal growth
conditions. Nevertheless, ectopically increasedCurrent Opinion in Plant Biology 2019, 47:9–15
14 Growth and developmentgibberellins and loss of DELLAs consistently leads to
altered organ size and fertility defects that are presumably
a consequence of disruptions in normal spatiotemporal
patterning of gibberellins [14,16,52,53]. In the future, it
will be fascinating to resolve how patterns of gibberellin
biosynthetic, catabolic, and transport activities contribute
to spatiotemporal distributions of gibberellins. It would
be interesting then to understand how altering gibberellin
enzymes or transporters will redistribute gibberellins and
reprogram plant development.
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